[1] The middle of a hillslope hollow in the Oregon Coast Range failed and mobilized as a debris flow during heavy rainfall in November 1996. Automated pressure transducers recorded high spatial variability of pore water pressure within the area that mobilized as a debris flow, which initiated where local upward flow from bedrock developed into overlying colluvium. Postfailure observations of the bedrock surface exposed in the debris flow scar reveal a strong spatial correspondence between elevated piezometric response and water discharging from bedrock fractures. Measurements of apparent root cohesion on the basal (C b ) and lateral (C l ) scarp demonstrate substantial local variability, with areally weighted values of C b = 0.1 and C l = 4.6 kPa. Using measured soil properties and basal root strength, the widely used infinite slope model, employed assuming slope parallel groundwater flow, provides a poor prediction of hydrologic conditions at failure. In contrast, a model including lateral root strength (but neglecting lateral frictional strength) gave a predicted critical value of relative soil saturation that fell within the range defined by the arithmetic and geometric mean values at the time of failure. The 3-D slope stability model CLARA-W, used with locally observed pore water pressure, predicted small areas with lower factors of safety within the overall slide mass at sites consistent with field observations of where the failure initiated. This highly variable and localized nature of small areas of high pore pressure that can trigger slope failure means, however, that substantial uncertainty appears inevitable for estimating hydrologic conditions within incipient debris flows under natural conditions. 
Introduction
[2] Rapidly moving shallow landslides (debris flows) triggered during heavy rainstorms can cause catastrophic damage across large regions [e.g., Jones, 1973; Ellen et al., 1988] . Advances in modeling the complexity of debris flow mechanics increased dramatically over the past several decades [e.g., Iverson, 1997; Iverson et al., 1997 Iverson et al., , 2000 Iverson and Vallance, 2001] , as have relatively simple, spatially explicit models for predicting debris flow hazards [e.g., Burroughs et al., 1985; Okimura and Ichikawa, 1985; Okimura and Nakagawa, 1988; Hammond et al., 1991; Sidle, 1992; Ellen et al., 1993; Montgomery and Dietrich, 1994; Dietrich et al., 1995 Dietrich et al., , 2001 Wu and Sidle, 1995; Burton and Bathurst, 1998; Montgomery et al., 1998 Montgomery et al., , 2000 . It remains challenging, however, to predict simultaneously both the timing and location of slope failures that lead to debris flows, and the fundamental relationships and simplifications upon which many models are based have not been tested directly because analyses of observed failures generally have to back calculate hydrologic conditions at failure from either incomplete data or inferences based on qualitative observations.
[3] While a number of three-dimensional (3-D) slopestability analyses have been developed [e.g., Hovland, 1977; Azzouz et al., 1978; Chen and Chameau, 1983; Lovell, 1984; Leshchinsky et al., 1985; Hungr, 1987; Lam and Fredlund, 1993; Okimura, 1994; Chen et al., 2003] , most landslide hazard models employ 1-D limit-equilibrium analyses, such as infinite slope analyses [e.g., Selby 1993] , that do not account for shear resistance along the sides of the slide. Consequently, factors of safety may be underestimated and back-calculated shear strengths overestimated using one-dimensional methods [Stark and Eid, 1998; Arellano and Stark, 2000] .
[4] Few direct field observations are available to test theories for the controls on shallow landslide initiation and transformation into debris flows under field conditions. Landslides are difficult to observe as they generally occur in remote areas during rare, large magnitude events. Specific sites of landsliding are difficult to forecast, as fine-scale spatial and temporal variations in precipitation and site properties strongly influence landslide initiation. Several studies have examined the hydrologic conditions associated with debris flow initiation under controlled or manipulated conditions [Yagi et al., 1985; Yamaguchi et al., 1989; Harp et al., 1990; Reid et al., 1997; Bonte et al., 2000; Iverson et al., 2000; Wang and Sassa, 2003; Ochiai et al., 2004] , and a number of studies have monitored the hydrologic response of landslide-prone hillslopes or slopes where landslides occurred nearby [Sidle, 1984; Wilson and Dietrich, 1987; Wieczorek and Sarmiento, 1988; Johnson and Sitar, 1990; Wilson and Wieczorek, 1995; Montgomery et al., 1997 Fannin and Jaakkola, 1999; Onda et al., 2001; Uchida et al., 2002 Uchida et al., , 2003 Simoni et al., 2004; Matsushi et al., 2006] . To date, however, only a few measurements of pore pressure conditions during slope failure under natural conditions exist such as those from a single crest stage piezometer from near the headscarp of a small slide in coastal Alaska [Sidle and Swanston, 1982] and discontinuous piezometric records of a slump/debris flow in central California [Reid et al., 1988] .
[5] Here we report an instrumental record of slope failure that provides new data on natural debris flow initiation and an opportunity to test models of shallow landslide initiation. We present hydrologic data from the debris flow inducing storm sequence, discuss observations pertaining to the process of debris flow initiation, and evaluate implications for modeling the potential for shallow landsliding.
Study Area
[6] The study area is located on Mettman Ridge roughly 15 km north of Coos Bay, Oregon (Figure 1 ). The Mettman Ridge area consists of steep, highly dissected soil-mantled hillslopes and steep channels typical of the Oregon Coast Range. Landslides are a major geomorphic process in the steep terrain of the Coast Range where hillslope hollows undergo a cycle of slow colluvium accumulation and periodic landsliding [Dietrich and Dunne, 1978; Dietrich et al., 1986] . As in many steep landscapes, highly conductive soils and steep slopes focus positive pore pressure development into the axes of topographic hollows [Pierson, 1980; Montgomery et al., 1997] . Many channels begin at small landslide scars [Montgomery and Dietrich, 1988] and the lower part of hollows may fail more frequently than the upper portions [Dunne, 1991; . Intensive timber harvesting and road construction throughout the Oregon Coast Range have dramatically increased rates of landsliding and sediment delivery to downstream channels [e.g., Brown and Krygier, 1971; Beschta, 1978; Montgomery et al., 2000; May, 2002] .
[7] The CB1 catchment (Figure 2 ) on Mettman Ridge is an 860 m 2 source area with an average slope of 43°i nstrumented for an intensive study of runoff generation, piezometric and tensiometric response, runoff geochemistry, and hollow evolution [Anderson et al., 1997a [Anderson et al., , 1997b [Anderson et al., , 2002 Montgomery et al., 1997 Torres et al., 1998; . CB1 is underlain by gently dipping Eocene sandstone that produces gravelly sandy soil typical of much of the Oregon Coast Range [Beaulieu and , 1975; Haagen, 1989] . The native Picea sitchensis zone forest [Franklin and Dyrness, 1988] was clear-cut in 1987, 9 years prior to the landslide/debris flow, and replanted with Douglas fir seedlings in 1988. Annual rainfall averages about 1500 mm, falling mostly during the winter [Haagen, 1989] .
Hughes
[8] An extensive piezometer array was installed at CB1 prior to a series of applied rainfall experiments in May 1990 [Montgomery et al., 1997 and expanded to include piezometers installed into bedrock prior to a second set of sprinkler experiments in June 1992. A total of 237 piezometers were installed, 28 of which where installed into bedrock and 42 of which were equipped with pressure transducers. Observations from these experiments and natural storms document that runoff generation occurs by subsurface stormflow mostly through a shallow fractured bedrock zone . Response of an extensive network of tensiometers showed that during typical rainfall events matric potential (i.e., suction) throughout the soil profile approaches and remains close to zero across the site [Torres et al., 1998 ] and piezometric data show that a <5 m wide, discontinuous zone of positive pore pressure develops at the base of the soil profile along the hollow axis [Montgomery et al., 1997 . A seepage face at the channel head generates runoff fed by subsurface flow through near-surface fractured bedrock [Anderson et al., 1997b; . Exfiltrating (i.e., greater than hydrostatic) head gradients develop locally from bedrock into the overlying colluvial soil in response to intense rainfall [Montgomery et al., 1997 . Two weirs, one installed at the base of CB1 (the upper weir) and the other installed downslope along the colluvial channel (the lower weir), gauged runoff from December 1989 until they were destroyed by a debris flow in November 1996. Fortuitously, fourteen additional single piezometers (i.e., not installed in nests) were installed on the site in October 1996, and were concentrated in the lower half of the site where gaps in the piezometric response had been observed in previous applied rainfall experiments and natural storms [Montgomery et al., 1997 .
[9] In our nomenclature for piezometer nests, each instrument installed in the colluvial soil is labeled by the row number followed by a dash and then the nest number along that row, generally increasing from east to west. Nest 3-1, for example, is the first (i.e., easternmost) nest along row 3. Bedrock piezometers are labeled simply with a prefix of a capital B followed by a nest identification number (e.g., B4). Combined nests of soil and bedrock piezometers are denoted by listing the soil nest first followed by a slash and the associated bedrock piezometer (e.g., 0-1/B4). Lowercase letters after nest identification labels designate individual piezometers, proceeding through the alphabet to identify progressively deeper instruments.
November 1996 Storm
[10] A rainstorm from 15-20 November 1996 delivered the largest recorded 24 h rainfall to many areas of the Oregon Coast Range [Robison et al., 1999] . On 18 November a 24 h total of 160 mm of rainfall was recorded at the NOAA/National Weather Service network rain gauge at the North Bend airport, 27 mm greater than the previous daily maximum recorded since 1931. For 16-18 November, the tipping bucket rain gauges at CB1 measured 225 mm of rain with a maximum daily intensity of 145 mm d À1 and a 48 h average intensity of 85 mm d À1 (Figure 3 ). These measurements are close to those from the North Bend rain gauge, which recorded a total of 232 mm of rain for the storm and a maximum daily intensity of 169 mm d
À1
. Rainfall records at two of our CB1 rain gauges terminated at the time of the debris flow because of mechanical disturbance of either the gauge itself or its connection to the data loggers.
[11] During the storm, landslides were widespread in the Oregon Coast Range [Robison et al., 1999] , and five lives were lost to debris flows that initiated on steep clear-cut slopes. Five landslides occurred in the 0.43 km 2 area around CB1 during the storm; although the 1996 storm was the storm of record, thirty other landslides had occurred in this area of Mettman Ridge between 1987 and the 1996 storm [Montgomery et al., 2000] . Previous work using a simple coupled hydrologic and digital terrain based slope stability model shows that most landslides in this area occur in locations predicted to have high failure potential [Montgomery and Dietrich, 1994; Montgomery et al., 2000; Dietrich et al., 2001] , but such models do not explain which of these locations actually fails in particular storms. As is typical, only a portion of the areas predicted topographically to be least stable along Mettman Ridge failed and generated debris flows in the November 1996 storm [Montgomery et al., 2000] .
CB1 Debris Flow
[12] One hour after the peak rainfall the slope failed, as recorded by termination of coherent instrument signals for the site. Between 1950 and 2000 local time (LT) on 18 November 1996 colluvium in the hollow in CB1 mobilized as a debris flow, destroying much of the site infrastructure (Figure 4 ) including the two weirs, a rain gauge, and all but three of the automated piezometer nests ( Figure 5 ). Because of our prior work, we had a detailed topographic map of prefailure conditions that we used to map the failure geometry and record the location of other pertinent observations. Spot elevations surveyed within and around the landslide scar using a total station digital theodolite allowed us to further compare pre-and postfailure conditions. The debris flow left a scar from 0.3 m to about 1 m deep and approximately 5 m wide, extending upslope 26 m (horizontal distance) from the upper weir, which was located at the prefailure channel head.
[13] The debris flow excavated the colluvial soil to the bedrock surface over the upper portion of the scar. Downslope of Row 6 the scoured basal surface was covered with an irregular mantle of colluvium incised by a small gully cut down to bedrock by flow emanating from bedrock fractures at Row 7. Bedrock exposed in the base of the scar was smooth, relatively unfractured sandstone except for three zones in which all of the observed postfailure discharge issued from large fractures. Field observations showed that discharge from CB1 decreased rapidly after the storm, and hand-collected measurements show that CB1 discharge dropped from an estimated 0.6 l s À1 at 1400 LT on 22 November to 0.28 l s À1 at 1030 LT on 23 November and <0.02 l s À1 at 0830 LT on 25 November. The three zones of fractured rock exposed in the floor of the scar correspond to the three zones of partial soil saturation observed in prior sprinkler experiments at CB1 (Figure 6 ).
[14] Numerous broken roots were exposed on the lateral margins of the landslide scar, and determining the resistance contributed by skin friction or cohesion in tensile failure (as generally assumed in root strength calculations) is a complicated aspect of incorporating different sources of root strength on different slide boundaries in limit equilibrium analyses. Although roots exposed in both the headscarp and along the lateral margins of the scarp down to about Row 6 were uniformly snapped, many also protruded into the slide area and hung some distance down the walls of the scar, indicating that either soil flowed out around them, or that they were pulled out of the failing soil as it moved downslope. Broken roots were also exposed in the basal failure surface where the slide occurred above the bedrock surface (i.e., within the colluvial soil). In contrast, some roots exposed on scarp margins downslope of Row 6 were abraded, but retained their entire unbroken dendritic structure, suggesting wear by flowing debris rather than full engagement of their tensile or shear strength during initial failure.
[15] Observations from within the scarp further suggest that the debris flow originated upslope of Row 6 and this mobilized mass traveled across and partially scoured the downslope surface. Upslope of Row 6 colluvium failed down to bedrock, whereas downslope of Row 6 thin patches of the basal colluvial soil remained perched on the bedrock. Between Rows 6 and 7 the debris flow overtopped its scar and 10 to 20 cm of material was deposited on the ground surface, burying vegetation outside of the failure scar downslope to the location of the weir wings at the base of CB1 ( Figure 6 ). Some of the colluvium that overtopped the scar was deposited on top of site infrastructure including catwalks. One intact block of soil, roughly 10 cm in length, was deposited on top of live vegetation such that the block landed upside down with roots exposed at the surface. Trees growing in this depositional area on the margin of the debris flow scar exhibited abrasion marks from 0.28 m to 0.8 m above the ground surface. Wood lying on the edges of the scar (and perhaps the observation platform at Row 6) appeared to have guided the debris flow and resisted deformation as the mobilized material began to sweep downslope.
[16] Piezometers anchored into bedrock were sheared off along the base of the scar between Rows 0 and 5. In contrast, piezometers anchored into bedrock above Row 6 remained standing and, although bent, protruded up into the scar, showing that the colluvial soil flowed out from around the piezometers at the upper end of the scarp. Hence, the debris flow initiated in the upper portions of the resulting scarp and swept downslope entraining material both from the colluvial hollow and the downslope channel.
[17] The CB1 debris flow, together with additional debris flows that originated in the neighboring CB2 catchment ( Figure 7 ) and a bedrock hollow farther downstream (not shown), scoured the downslope channel to bedrock. Surprisingly, roofing tar used to affix the weir wings to the bedrock surface at CB1 remained in place even though the whole weir wing assemblage was stripped to bedrock and an estimated 180 m 3 of colluvial soil was evacuated from upslope and passed over the rock surface to which the tar was affixed. Hence, the debris flow resulted in little to no scour of the bedrock surface at and immediately downslope of the prefailure channel head.
[18] The debris flow traveled almost 1 km downslope, turned an almost right angle at a tributary junction into Sullivan Creek, and scoured another 0.5 km downslope before depositing along a channel reach with an average slope of 1 -2% ( Figure 7 ). Debris derived from CB1 infrastructure was distributed along the length of the runout zone, and pieces of the weirs, walkways, and piezometers were recovered from the debris flow deposit. The deposit was composed mostly of matrix-supported debris flow material. In addition, boulders were resting on top of wood incorporated into the deposit, which had a well-defined snout where it came to rest at a lower gradient, wider portion of the valley.
Postfailure Analysis of Site Characteristics
[19] After the CB1 landslide, the depth of the landslide scar was measured at locations around the scar perimeter. The average (vertical) depth measured along the perimeter of the landslide scar was 0.7 m. The basal surface was relatively planar with a slope of 43°, parallel to the ground surface. The total basal area of the landslide scar upslope of the CB1 weir was 157 m 2 , and the slide perimeter measured 58 m. The total basal area of the landslide scar in the area upslope of Row 6, where it appeared the failure started, was 58 m 2 and the perimeter of the failed area upslope of Row 6 measured 31 m.
[20] Relatively undisturbed samples of the colluvial soil were collected to test soil properties at CB1. We collected samples by vertically inserting 30.5 cm (12 00 ) long Â 7.6 cm (3 00 ) wide aluminum Shelby tubes by hand and mallet to minimize disturbance. The mean saturated bulk density of the colluvial soil was 1600 kg m
À3
; including coarse fragments. Anisotropically consolidated undrained (ACU) triaxial compression strength tests with back pressure saturation and pore pressure measurements were carried out with effective confining stresses intended to mimic in situ stresses within hillslope materials [e.g., Anderson and Sitar, 1995] . ACU tests on two samples obtained from CB1 were conducted with effective confining stresses increasing incrementally at three stages for each sample until failure. Effective confining stresses ranged from 9 to 86 kPa for one sample, and from 17 to 97 kPa for the other. Assuming a depth-invariant saturated bulk density of 1600 kg m À3 , these stresses are equivalent to a range of approximate soil depths of 0.6 -6 m. Envelopes from Mohr circle analyses of triaxial test data on the two samples from Mettman Ridge were determined independently of the specific stress paths. The resulting data for these samples, failing at 5% strain, reveals an effective peak friction angle, 8 0 , of 39.5°and 41°a nd cohesion, C 0 , of 0 to 1.8 kPa. These values for soil properties at CB1 are comparable to field and laboratory values reported previously for soils developed on sandstone in the Oregon Coast Range [Yee and Harr, 1977; Schroeder Figure 6 . Map of the landslide scar in CB1 showing distribution of fractured bedrock exposed in the base of the failure and the area of the initiation zone in which material flowed over without eroding the original ground surface but instead leaving a thin deposit over live vegetation. Also shown are zones of subsurface saturation that developed during sprinkling experiments reported by Montgomery et al. [1997 . Note that the two zones of saturation at the base of the slope span the weir wings on the upper weir and likely both originate from a fracture zone noted during installation of the weir wings. Contours in meters. and Alto, 1983] . Moreover, as our samples did not have any roots in them, and the laboratory-determined cohesion of 0 -1.8 kPa is probably within the margin of error of the tests, the soil (without roots) is virtually cohesionless.
[21] Following procedures described by Schmidt et al. [2001] , we measured a negligible contribution to shear resistance of an apparent cohesion attributable to roots on the base of the landslide scar (C b ) of 0.1 kPa. In contrast, spatially weighted values for the lateral root cohesion (C l ) exposed in the lateral landslide scarp varied from 0 to 14 kPa for individual segments along the scar perimeter (Figure 8 ). We obtained a single spatially weighted value representing the lateral root cohesion exposed in the landslide scarp (4.6 kPa) by multiplying the individual segment cohesion values by the ratio of the corresponding segment cross-sectional area relative to the entire cross-sectional area exposed in the scarp perimeter and summed the total. Boundaries of individual segments were chosen to constrain areas of roughly constant cross-sectional area. Alternatively, assuming that each segment cohesion value has equal importance in computing the overall value, we calculate median, arithmetic mean, and geometric mean values of 4.1, 5.0, and 3.0 kPa respectively. The data are not normally distributed and have positive skewness of 1.14. Hence, the geometric mean of 3.0 kPa is likely the most representative central tendency, if all segments are weighted equally. The geometric mean confidence interval (95% confidence level) is calculated to range between 0.83 and 5.2 kPa. For comparison, the spatially weighted value adopted in the slope stability analyses, C l = 4.6 kPa, falls in the upper range of this mean confidence interval.
[22] To investigate the vertical structure of roots exposed in the landslide scar, we neglected the vertical columns depicted in Figure 8a , and calculated the apparent cohesion attributable to 10 cm depth slices throughout the entire perimeter. Figure 8c reveals a distinct spike in root reinforcement in the 0.1 -0.2 m depth interval generally decaying with greater depth in the colluvial deposit. Relations depicted in Figure 8 highlight the assertion that root reinforcement not only varies greatly both laterally and vertically, but also that the highest values are observed well above the median soil depth, consistent with lateral reinforcement outweighing basal reinforcement.
Hydrologic Response
[23] The timing of slope failure is recorded by the simultaneous termination of the rainfall records from the rain gauges, the pressure head records from the automated piezometers, and the discharge records from both weirs (Figure 9 ). Weir wings installed flush with the bedrock surface ensured that discharge through the upper weir recorded flow emerging from the colluvial soil at the channel head. A bypass routed water from both the upper weir, and the hollow immediately west of CB1, past the lower weir, which therefore collected only runoff that entered the channel downslope of the upper weir. Consequently, the upper weir recorded runoff through the colluvial soil from the base of CB1, whereas the lower weir recorded flow emanating from bedrock immediately downslope of the CB1 channel head and direct precipitation on the channel between the weirs. The substantial storm response of the lower weir indicates that the shallow bedrock fracture system is both quite responsive to storm events and accounted for the majority of the runoff from the CB1 catchment during the slide-triggering event.
Piezometric Response
[24] As found in observations from prior storms and sprinkling experiments at CB1, the response of individual piezometer nests was highly variable in both near-surface bedrock and the overlying colluvial soil (Figure 10 ). Although most piezometers at CB1 lacked recording pressure transducers, and thus were read by hand during sprinkler experiments, automated records of piezometric response during slope failure are available from five sets of coupled colluvium and bedrock piezometer nests (0-1/B4, 2-1/B1, 3-3/B9, 5-3/B13, 7-6/B12). In addition, data were also available for 14 individual automated piezometers installed approximately one month prior to the landslide. However, seven of these additional piezometers never recorded a signal and therefore were excluded from further analysis because of uncertainty over whether they were functioning properly.
[25] Exfiltrating gradients developed in some piezometer nests, whereas other nests displayed infiltrating gradients throughout the storm. Lowest on the slope, the two piezometer nests closest to the channel head (0-1/B4) showed substantial response in the deepest bedrock piezometer, with total head in the bedrock rising about 0.5 m above the base of the soil (Figure 10a ). On 18 November the response in the bedrock was more rapid than in the colluvial soil. By the time that the debris flow initiated, the piezometric gradient had changed from strongly infiltrating to virtually hydrostatic between the bedrock piezometer and those in the colluvial soil. The bedrock piezometer also showed substantial response to rainfall on 16 and 17 November when the response in the colluvial soil was more subdued.
[26] The next piezometer nest upslope from the channel head (2-1/B1) also showed substantial response in the deepest bedrock piezometer (Figure 10b ). But in contrast to the nest at the channel head, this nest had exfiltrating gradients throughout the storm, with flow from the shallower bedrock piezometer (B1a) directed upward into the colluvial soil to piezometer 2-1. But even with the exfiltrating gradient, the pore pressure ratio m, defined as the ratio of the pressure head at the base of the soil to the total soil thickness, was substantially less than at the channel head. Nest 3-3/B9, the next nest upslope, displayed infiltrating gradients until the landslide initiated, and had even lower m value, and less relative saturation of the colluvial soil (Figure 10c ). The bedrock response at this nest, however, showed a striking (and curious) step-function-like change on 17 November.
[27] Piezometer nest 5-3/B13 showed subdued response in the deepest bedrock piezometer (Figure 10d ), but substantial exfiltrating gradients developed from the shallower bedrock piezometer (B13a) into the overlying colluvial soil. Gradients remained infiltrating from the colluvial soil into the underlying fractured rock until 18 November when the total head of B13a exceeded that in both of the two deepest overlying soil piezometers (5-3 and 5-3d). Late in the afternoon of 18 November, over 0.3 m of excess head developed in B13a, but then piezometric gradients dropped to hydrostatic immediately prior to debris flow initiation. Hence, at this location, failure occurred about 2 h after peak pressure head in the bedrock (perhaps due to initial soil strain that relieved pore pressure in the underlying rock fractures). Piezometer nest 7-6/B12 had infiltrating gradients until the afternoon of 18 November, when the pore pressure in the deepest bedrock piezometer (B12) rose sharply and developed exfiltrating gradients in the hours immediately prior to initiation of the debris flow (Figure 10e) . Throughout, only the lowest portion of the soil was saturated.
[28] The water level in the well at the ridgetop defining the head of CB1 was rising slowly until about noon on 18 November when it began to accelerate. The piezometric level in the well rose 1.5 m in response to the storm and exhibited an approximately 12 h time lag between the change in rainfall intensity and well response. This deep well at the head of the catchment integrates the bedrock response through both near-surface fractured rock and deeper less fractured rock (see well log given by Anderson et al. [2002] ).
[29] The spatial variability in piezometric response at CB1 during this debris flow-producing storm was similar to that observed in previous storms and sprinkler experiments [Montgomery et al., 1997 . Within Figure 10 , some nests exhibited infiltrating gradients throughout the storm (nests 0-1/B4 and 3-3/B9), whereas others developed exfiltrating gradients indicative of upward flow from bedrock into the soil (nests 2-1/B1, 5-3/B13, and 7-6/B12). Although the magnitude of response was much greater during the November 1996 storm, the style of response and flow paths were similar to those of previous storms and sprinkler experiments. In particular, the spatial pattern of infiltration and exfiltration corresponded with local bedrock fracturing. Flow directions cannot be evaluated for the additional automated piezometers installed individually (i.e., not in a nest) in October 1996.
[30] At the time of landslide initiation, the pore pressure ratio m was quite variable (Figure 11 ). Within the scar caused by the debris flow, m varied from 0.03 to 0.75 within the length span of roughly 11 m. The data set is small (n = 10), and it is better fit by a lognormal than a normal distribution. Thus, the geometric mean of 0.22 may provide a more appropriate measure than the arithmetic mean of 0.29, and at the 95% confidence level the mean confidence interval is 0.11 > m > 0.42 for the responsive piezometers within the landslide (i.e., those for which m > 0). The automated piezometers located outside of the debris flow recorded m values of 0.01 -0.21, with a mean value of 0.12 for the responsive piezometers, about half the mean value for responsive piezometers within the landslide and at the low end of the 95% confidence interval for the geometric mean of values inside the landslide.
[31] The landslide occurred about 1 h after peak runoff through both the upper and lower weirs. At nest 0-1/B4, pressure head in the deepest bedrock piezometer rose until the landslide initiated, whereas head in the two soil piezometers peaked within the hour before the slide. At nest 2-1/ B1, head in both bedrock piezometers was rising at the time of failure, although the pore pressure recorded by the soil piezometer had started to drop. At nest 3-3/B9, both the bedrock and soil piezometers were rising at the time of failure. At nest 5-3/B13, the bedrock piezometers peaked 2 h before the slide, and the soil piezometers were still rising at the time of slope failure. Pore pressures in piezometers in both soil and rock at nest 7-6/B12 were rising at the time of the slide. Although the style and magnitude of piezometer response at the time of slope failure was quite variable across CB1, most of the bedrock and soil piezometer nests recorded rising pressure head at the time of failure.
Evidence of Fracture Flow
[32] As shown in Figure 6 , the bedrock exposed in the base of the CB1 landslide scar had three distinct fracture zones; at the uppermost extent of the scar near piezometer nest 7-6/B12, in the middle of the scar at about piezometer nest 5-3/B13, and at the base of CB1 that extended across the original upper weir wings near nest 0-1. The fractures in the lowermost fractured zone were encountered during installation of the weir wings in 1989 and complicated the task of sealing the weir wings to the bedrock surface. Other areas of the bedrock surface exposed in the landslide scar were massive unbroken sandstone with minor siltstone interbeds. Water issuing from the fracture zones was the only active source of runoff from CB1 on the day after the landslide. The flow issuing from the fractures at Row 7 carved a small gully into the colluvium at the base of the failure scar (Figure 4e ). All three of the m values greater than 0.4 recorded in the area that failed are from piezometers located at these fracture zones. Hence, the hydrologically active bedrock fracture system at CB1 influenced the spatial variability and maximum values of pore pressure achieved in the overlying colluvial soil, as hypothesized in prior studies both elsewhere [Wilson and Dietrich, 1987; Johnson and Sitar, 1990; Mathewson et al., 1990; Anderson and Sitar, 1995; Fannin and Jaakkola, 1999; Onda et al., 2001; Uchida et al., 2002 Uchida et al., , 2003 ] and at CB1 [Montgomery et al., 1997 . Further investigating and/or modeling of how artesian pore pressures propagate through colluvial soil lie beyond the scope of the present study.
Model Predictions
[33] In forensic landslide studies, the relative position of the water table at the time of failure generally is not known and therefore must be back calculated. For the CB1 slide, Figure 10 . Total head records from 16-19 November 1996 for automated soil and bedrock piezometer nests of (a) 0-1/B4, (b) 2-1/B1, (c) 3-3/B9, (d) 5-3/B13, and (e) 7-6/B12. Figure 11 . Map of pore pressure ratio; m values defined as of the ratio of the pressure head at the base of the soil to the total soil thickness. Shown are values for the automated nests where positive pore pressure response was documented at the base of the soil (we omitted piezometer nest 4-9, which had no response recorded either preceding or during the slide-producing event, and piezometer B4, which is installed into bedrock).
however, we can compare measured m values at the time of failure for automated piezometer nests with the critical value calculated as necessary to cause slope failure (m c ) using site-specific characteristics.
[34] In the traditional infinite-slope approximation, flow is often assumed to parallel the failure boundary. In this case, the critical value of the ratio of pore pressure to soil depth required to trigger slope failure may be expressed as
where z is the vertical soil thickness, C is the cohesion of the soil, C r is the apparent cohesion contributed by plant roots, r s is the saturated bulk density of soil and r w is the density of water, q is the slope angle, 8 is the angle of internal friction of the soil, and g is gravitational acceleration.
[35] Using site-specific values of material properties (C = 0, C r = 4.6 kPa, z = 0.7 m, 8 = 40°, r s = 1600 kg m
À3
, r w = 1000 kg m À3 , and q = 43°), equation (1) does not yield predictions consistent with observed pore water pressures at the time of slope failure. With C r = 0.1 kPa (the measured basal root strength, C b ), m c = À0.08, which predicts that the slope should be unstable even if dry (because of q > 8). Hence, the simple one-dimensional, infinite slope model, with pore water pressure predicted from steady groundwater flow parallel to the failure surface, does not perform well at CB1.
[36] The observation that relatively few roots penetrated the basal failure surface, whereas lateral roots were common and broken above Row 6, indicates that a more appropriate model for shallow landslides on vegetated slopes would incorporate the lateral root strength, soil suction in unsaturated soil, and friction along the perimeter of the slide. Building on the approach of previous workers that includes lateral root strength but neglects lateral frictional resistance and soil suction along slide margins [Riestenberg and Sovonick-Dunford, 1983; Reneau and Dietrich, 1987; Montgomery et al., 2000; Schmidt et al., 2001; , and again assuming slope parallel flow, the critical degree of soil saturation can be expressed as
where A is the basal area and P is the perimeter of the slide, and C b and C l are the apparent cohesion due to roots that cross the basal and lateral surfaces, respectively.
[37] On the basis of field observations from immediately after the CB1 debris flow, we analyzed the following two end-member models of slope failure: (1) initial failure of [38] Using site-specific values of soil properties and slide geometry (as previously but with C b = 0.1 kPa, C l = 4.6 kPa) together with the area and perimeter of just the portion of the slide upslope of Row 6 (A = 58 m 2 and P = 31 m) yields m c = 0.28. Alternatively, using the area and perimeter of the entire slide (A = 157 m 2 and P = 58 m) yields m c = 0.16, which predicts the entire slide should have failed before the area upslope of Row 6, contrary to inferences based on our field observations.
[39] The one-and two-dimensional stability methods both treat a landslide as a homogenous rigid block. This assumes that forces applied on the perimeter of a slide act equally throughout the slide body. To better characterize the distribution of forces within as well as on the boundary of the slide, and so more realistically investigate the failure and groundwater conditions at CB1, we used a 3-D version of Spencer's method [Spencer, 1967] as implemented in the software CLARA-W (http://www.clara-w.com/ [Hungr et al., 1989] ). This technique divides a slope into 3-D cells or columns, and predicts force equilibrium of the collection of columns that describe a slide mass. Some assumptions are required to make the analysis statically determinant. CLARA-W assumes the resultant of shear forces on the sides of the columns acts parallel to the column base. The horizontal shear forces on the lateral sides of a column are assumed equal to the weight of the column multiplied by a constant. This constant is invariant for all columns in a given row across the hillslope, but changes from row-to-row of columns (http://www.clara-w.com/CLW-Manual.pdf). The value of the constant for each row is determined from the force balance of that row and the overall horizontal force balance of the landslide, similar to the approach of Lam and Fredlund [1993] . Finally, an assumption is made that the relationship between the vertical shear force and normal force on a column side can be described by a constant ''interslice force function,'' as defined by Morgenstern and Price [1965] .
[40] The same soil engineering properties were used in the 3-D analysis (r S = 1600 kg m À3 , a net soil/root cohesion of C = 4.6 kPa, and 8 = 40°). An extensive program of soil augering at the CB1 site [Schmidt, 1999] closely defined the local pattern of soil depth (see Figure 12 (left) ). This allowed a 3-D analysis using columns with an end area of 1 Â 1 m in which the grid system of columns corresponds to the 1 m divisions in the axes of Figure 12 (left). Local soil depth was assigned to each column. To test the influence of column size (as measured by basal area) on predicted overall slide stability, we varied the grid spacing from 0.25 to 2 m. Over this range of grid cell sizes the predicted factor of safety changed by only a few percent for both the area upslope of Row 6 and the whole failure upslope of the upper weir. This variation is well within the range of results caused by uncertainty in local material properties and pore water pressure.
[41] For the 3-D analysis we also relaxed the assumption of groundwater flow parallel to the failure surface and instead estimated a pore pressure field at the time of slope failure from the nonzero recording piezometers. Two of the piezometers that recorded data within or immediately adjacent to the debris flow scar were near the head of the failure and the rest were in the lower portion of the site (below elevation 270 m) where the pressure field was better constrained (Figure 12 (right) ). It was necessary to extrapolate from recorded values at the two head scar proximal sites to estimate the pore water pressure pattern in the remainder of the area above Row 6. In the extrapolation we assumed the pore water pressure was unconfined and varied smoothly, albeit rapidly. Using our initial estimate of the pressure field above Row 6, the predicted factor of safety there was 1.05 while it was 1.3 for the entire scar upslope of the weir. With an adjustment of about 10 cm in the estimated pressure head at a few grid nodes in the upper portion of the slide, the predicted factor of safety above Row 6 was 1.0 while the factor of safety of the entire scar upslope of the weir remained 1.3. The unconfined water table contours corresponding to this condition are those shown in Figure  12 (right). Given the pattern of pore water pressure recorded at the base of soil piezometers, the 3-D analysis predicts that failure initiated upslope of Row 6 of the piezometers regardless of the details of our estimate of the full pore pressure field.
Discussion
[42] The substantial variability in relative soil saturation within the CB1 landslide at the time of slope failure illustrates the difficulty in evaluating in detail even a simple model for the controls on slope stability (see also Anderson and Sitar [1995] and Dhakal and Sidle [2004] for related discussion). In particular, the wide range of observed local m values within the area that failed (0.03-0.75) shows that a single value, such as that obtainable from a single piezometer nest, provides a poor representation of the hydrologic condition within an incipient slide mass. This wide range in piezometric response brings up the issue of whether a central tendency or local high values matter more for shallow landslide initiation, as well as how big an area needs to exceed m c for slope failure to occur. Field observations confirmed that areas where observed m values within the CB1 landslide exceeded the calculated m c value correspond to locations with exfiltrating flow from bedrock fractures, and our data show that substantial spatial variability in hydrologic response occurs within even a small debris flow.
[43] Although the geometric and arithmetic means of all the m values recorded in the failure zone (0.22 and 0.29) spanned the m c value predicted by equation (2) (0.28), the wide range in the 95% confidence interval for the geometric mean value (0.11 -0.42) indicates that there is substantial uncertainty regarding an m value representative for the incipient landslide as a whole.
[44] All three of the models employed neglect lateral frictional resistance along slide margins. The depth-average frictional shear resistance, S, along simplified vertical boundaries of a slide 0.7 m thick with moist but unsaturated conditions can be roughly estimated from
Here K is the coefficient of lateral earth pressure. Assuming simple Rankine states of stress and active earth pressure conditions at the head of a slide, at rest pressure on the lateral sides and passive pressure at the boundary on the toe, K is approximated as [Lamb and Whitman, 1969] Headscarp
[45] Using the earth pressure coefficients and material properties reported previously, equation (3) yields lateral frictional strengths of about 1.0, 1.7, and 21.2 kPa respectively, on the head scarp, lateral margins, and toe of the slide. For saturated soils under hydrostatic conditions, equation (3) was modified by reducing the soil bulk density by the density of water. Under such conditions, lateral frictional resistances are estimated to be about 0.4, 0.6, and 7.9 kPa respectively, on the head scarp, lateral margins, and toe of a slide.
[46] Lateral boundary conditions of shallow slides are not well defined and these estimates were made on highly idealized vertical margins. In particular, it is not clear that simple Rankine passive earth pressure conditions are appropriate at the toe boundary. However, this simple analysis does suggest that where there are at rest and active pressure conditions, boundary frictional resistance for saturated conditions on the head and lateral scarps, respectively, are 9 and 13% of the approximated effect of root reinforcement (based on the spatially weighted average lateral root strength measured at the site). Inclusion of lateral soil frictional strength would therefore marginally increase the predicted m c value at the time of failure. We do not consider the effects of soil suction on slope stability as tensiometers recorded that matric potential (i.e., suction) throughout the soil profile approaches and remains close to zero across the site during rainfall events [Torres et al., 1998 ].
[47] The 3-D slope stability model CLARA-W predicts that if the upper failure and lower scour zone were treated as a single feature, the soil mass would not have failed. This illustrates both the importance of distinguishing the failure zone from the runout/scoured zone and the difficulty of reconstructing failure conditions based on postfailure morphology.
[48] Development of exfiltrating piezometric gradients from near-surface bedrock into the overlying colluvial soil reflects patterns of bedrock fracturing, which may either enhance or offset spatial patterns of hydrologic response controlled by topographic convergence. The influence of spatial variability in soil thickness, bedrock and soil conductivity, and root strength are all superimposed on a topographically driven hydrological template in steep soilmantled terrain that is most pronounced on hillslopes with distinct hydrological property contrasts between the bedrock and overlying soil. Consequently, practical hazard predictions need to be based on both observation and understanding of watershed-scale geology and geomorphology and generalities such as expecting slope failures to be more prevalent in topographic hollows than on planar or convex slopes. In this context, the influence of local bedrock fractures on piezometric response in the colluvial soil would explain landslides initiating on planar and convex slopes lacking strong topographic control on hydrologic response.
[49] The data from CB1 present strikingly different response characteristics between piezometers installed into bedrock and colluvium. In all of the nests, the bedrock piezometers showed a larger response and more rapid change. Bedrock piezometers B12, B13, B13a, B9, and B1 all showed rapid, nonlinear rises in pressure head. This nonlinearity may be responsible for quickly raising pore pressures that drive water from the fractured bedrock into a rapidly draining soil matrix, such that localized instability can develop and spread.
[50] The spatial density of information needed to capture the spatial variability of the near-surface hydrologic response of CB1 is daunting. Even with 56 automated piezometers, including eight piezometer nests installed into both bedrock and soil, we recorded an incomplete view of conditions at failure. Indeed, 3-D variably saturated flow simulations from the comprehensive physics-based hydrologic response model Integrated Hydrology Model predict poorly the long-term patterns of dynamic hydrologic response at CB1 [Ebel et al., 2008] . Nonetheless, the spatial variability of hydrologic response documented by the full array of piezometers at CB1 during applied rainfall experiments in 1990 and 1992 [Montgomery et al., 1997 indicated comparable variability to the near-surface hydrologic response to less intense rainfall. Observations from single piezometers within the slide mass vary across almost the full range of possible m values for the landslideproducing storm. Hence, the reconstruction of failure conditions or interpretation of hazard from small numbers of instruments depends critically on where those instruments are located. This tremendous spatial variability at a scale finer than an individual small landslide shows that substantial uncertainty is inherent in predicting hillslope behavior even when supported by direct instrumental observations.
[51] In addition, our results highlight the problem that soil depths vary over short distances at CB1 and that consequently soil depth is nearly as difficult to parameterize as is the pore pressure field. Much of this variability likely arises from disturbance caused by tree throw and animal burrowing [Schmidt, 1999; Heimsath et al., 2001] . Thicker soils also reduce the influence of root strength (equation (2)). Hence, soil depth may be a very strong control on where these local failures initiate, an expectation aligned with the observed propensity for debris flows to initiate in topo-graphic hollows where colluvial soils progressively thicken [e.g., Dietrich et al., 1995] .
[52] The delay between peak rainfall, peak piezometric response, and debris flow initiation in both the 1996 CB1 and the 1992 CB2 events (the latter documented by ) reflects propagation of the rainfall signal downward through partially saturated soil. The timescale for propagating such a signal into the soil varies with the hydraulic conductivity, soil thickness, the amplitude of the rainfall signal, and the storage coefficient [Iverson and Major, 1987; Haneberg, 1991] . Because of the greater storm intensity, the time lag of one hour between peak rainfall and debris flow initiation at CB1 during the wetter 1996 storm was much shorter than the 3 to 4.5 h delay for the 1992 CB2 debris flow.
[53] Field observations at CB1 and our analysis confirm that failure of small areas can trigger larger debris flows as they propagate downslope. Lower ratios of pore pressure to soil thickness require larger areas at that m value to trigger failure, indicating that the lateral dimension of zones of elevated pore pressure exerts a primary control on locations and size of slope failure, as argued by Reneau and Dietrich [1987] , Gabet and Dunne [2002] , and . The concentration of near-surface runoff into topographic hollows therefore tends to restrict failures to hollows, except where local hydraulic response leads to small areas of pore pressure high enough to trigger local slope failure in nonconvergent topography. Although not portrayed in topographically driven hazard models, elevated pore pressure sustained over a relatively small area may be sufficient to cause a landslide that could mobilize as a debris flow and scour downslope areas, leaving behind an affected area much larger than the initial slope failure.
Conclusions
[54] The observed ratio of pore pressure at the base of the soil to soil thickness varied substantially within the initiation zone of the CB1 debris flow because of patterns of near-surface bedrock fracture flow that superimposed significant local variability on the general topographic control on the convergence of near-surface hydrologic response. Use of measured site properties in the infinite slope model yielded predictions incompatible with field observations, implying that either m or lateral soil resistance (including the effects of lateral friction and apparent cohesion attributable to root strength) must be treated as a calibrated factor in this commonly used model. However, the substantial spatial variability in m values complicates the comparison of critical values calculated from a modified model based on lateral root reinforcement, even though the arithmetic and geometric mean of observed values spanned the predicted critical value. Although the 3-D analysis predicted that failure initiated upslope of Row 6, consistent with field observations, our data document that fine-scale spatial variations in root strength, soil depth, and fracture flow through near-surface bedrock influence the location of individual slope failures, making the prediction of the specific location and timing of failure problematic for practical applications. In particular, our data on hydrologic conditions during debris flow initiation at CB1 show that local variability can overshadow topographic controls on near-surface hydrologic response.
